Introduction-Platelets partake in hemostasis, wound healing and tumor growth. Although platelet-rich-plasma (PRP) has been used in surgery for several years, its mechanism of action and application methods are still poorly characterized.
Introduction
Impaired wound healing is a major clinical problem that particularly affects the diabetic population. (1) Poor vascularization seems to be a major reason for this limited healing capacity, (2) and many strategies to stimulate angiogenesis have been tested, ranging from recombinant growth factors to mechanical stimulation of wound tissues. (3, 4) Platelets are anucleated cells traditionally characterized as primary effectors of hemostasis. (5) Only recent advances in protein profiling techniques have advanced our understanding of the broader biological function of platelets, ranging from wound healing and tumor growth to inflammation and regeneration. (6) These methodologies have characterized more than 20 angiogenetic growth factors contained in the proteome of platelets. (5) In surgery, platelets have been used to promote bone and soft tissue healing, (7) by concentrating stimulating cytokines at the site of injury. (8) With the formation of the blood clot during wound healing, platelets provide a temporary scaffold for the ingrowth of cells and modulate angiogenesis, through a complex and undefined series of cell and growth factor mediated events. (8) (9) (10) The proteome of platelets is rich in several pro-angiogenic and anti-angiogenic factors. (5, 11, 12) The recent discovery that pro-angiogenic and anti-angiogenic factors are released from platelets in a sequential manner may explain how platelets affect angiogenesis and wound healing. (9) Early in wound healing, angiogenesis is essential to the repair process and once healing has ceased endothelial cells in the wound bed revert to a quiescent state and undergo apoptosis. (13) This may be explained by the increase of thrombin and collagen in maturing wounds that leads to activation of the anti-angiogenic factors and the subsequent release of angiogenesis inhibitors from stromal cells and platelets, as previously documented. (9, 14) Studies have reported disappointing results to improve wound healing using growth factors (15) (16) (17) and platelets activated with thrombin. (18) In this report, we studied human platelets stored at room temperature for 2 days, human platelets frozen by storage at −80 C, and human platelets frozen with 6% DMSO by storage at −80 C to correlate in vitro measurements of the platelet products to wound healing in diabetic mice.
Methods

Collection of the platelets
At the Oklahoma Blood Institute, Oklahoma City, OK, PLTs were collected from the human blood donor by plateletpheresis using the instrument manufactured by COBE Spectra, Gambro BCT, Lakewood, CO at a ratio of 10 vol of blood to 1 vol of ACD (Formula A). The volunteer donor met the requirements of the AABB and took no medication known to affect PLT function for 10 days before donation. The study was reviewed and approved by the Institutional Review Board for Human Research, Oklahoma Blood Institute, Oklahoma City, OK. Informed consent was obtained from the donor. The PLTs were leukoreduced with a total WBC count of 5 × 10 6 , contained more than 4.0 × 10 11 PLTs, and were stored in two 200-to 300-mL volumes of plasma in 1000-mL CLX plastic bags.
Liquid preservation at 22°C
PLTs collected and stored in 1000-mL CLX (tri-2-ethylhexyl trimellitate) plastic bags were stored in a shipping container that maintained the temperature at room temperature during transportation by air from Oklahoma to Boston on the day of collection. Twenty-four hours after collection and transportation to Boston, the two 250-300 ml volumes were pooled and divided into three equal volumes. One volume was stored at room temperature at 22 C (room temperature) on an Eberbach shaker for 24 hours prior to testing.
Cryopreservation of the PLTs
A volume of 27 percent DMSO in 0.9 percent NaCl was added to second vol of the PLT-rich plasma to achieve a final concentration of 6 percent DMSO in a 1000-mL polyvinylchloride (PVC) plastic bag. To the third volume of the PLT-rich plasma, a volume in 0.9 percent NaCl was added equivalent to the volume of DMSO solution added to the second volume of platelet rich plasma. The PLTs preserved with or without DMSO were transferred into a 300-mL PVC plastic bag and centrifuged at 1250 g for 10 minutes. All the supernatant solution was removed. This reduced the residual amount of DMSO in the DMSO frozen units by at least 95 percent. The 300-mL PVC plastic bag containing 10 mL of the PLT concentrate was placed in a polyester plastic bag inside a rigid cardboard box, and the PLTs were frozen in an upright −80 C mechanical freezer for 18 hours. Before thawing, the polyester plastic bag was removed from the PVC bag containing the PLTs. The PLTs were thawed in a thawing bath (Thermogenesis, Rancho Cordoba, CA) maintained at 36°C in approximately 5 minutes. The PLTs were diluted with 0.9 percent NaCl and stored at room temperature for as long as 6 hours without agitation prior to testing. The freeze-thaw recovery values were determined from the PLT count measured with an automated blood cell counter (Coulter ACT5, Beckman-Coulter Corp, Hialeah, FL) and the volume of the PLTs before and after the freeze-thaw procedures. The thromboelastogram measurement was made on platelet products treated with 0.2mol/L CaCl2 (Thromboelastogram Hemostasis Analyzer 500, Haemoscope Corp., Miles, IL). The R time measurement in the thromboelastogram was determined as the period of time to the initiation of the clot formation by the study samples. (19) The platelets frozen with and without DMSO and stored at −80 C were thawed and diluted with autologous plasma prior to testing in the thromboelastogram.
Flow cytometry testing
Anti-CD41a-APC allophycocyanin (GPIIb, clone HIP8), anti-CD42b-PE phycoerythrin (PE; GPIb, clone HIP1), annexin V-fluorescein isothiocyanate (FITC; all three reagents purchased from BD Biosciences PharMingen, San Diego, CA) were used in the testing. PLT preparations were labeled as previously described. (20) Briefly, PLTs were diluted in modified HEPESbuffered Tyrode solution and labeled with the indicated antibodies in buffer alone or in the presence of 3 mmol per L calcium chloride and 2.5 mmol per L Gly-Pro-Arg-Pro, which inhibited fibrinogen polymerization. Incubations were stopped by dilution in HEPES-buffered Tyrode solution containing 1 percent ultrapure formaldehyde (Polysciences, Warrington, PA). Nonspecific antibody background binding was determined with the appropriately labeled isotypic control immunoglobulin G. The prepared samples were analyzed in a flow cytometer (Coulter FC500, Beckman-Coulter) which was calibrated daily with calibration beads (Flow-Check and Flow-Set, Beckman-Coulter). Appropriate color compensation was established for FITC and PE with single-labeled controls. PLTs were identified on the basis of their characteristic log forward and side light scatter and binding of CD41a-APC (GPIIb). A minimum of 5000 PLTs were collected per sample, and data were saved in flow cytometry standard listmode files. The testing of the PLTs to measure the mean fluorescence intensity (MFI) of GPIb and annexin V binding on PLTs and PLT microparticles on a gated FL1 versus FL2 dotplot produced four quadrants in the Coulter FC500 flow cytometer. Quadrant 1 detected the MFI of normal GPIb and reduced annexin V-binding PLTs. Quadrant2 detected the MFI of reduced GPIb and increased annexin V-binding PLTs. Quadrant 3 detected MFI of reduced GPIb and reduced annexin V binding of PLT microparticles, and Quadrant 4 detected MFI of reduced GPIb and increased annexin V binding of PLT microparticles. The total MFI of GPIb and annexin V binding to PLTs in Quadrants 1 and 2 was calculated from the total number of PLTs in C1 and C2 quadrants and the MFI that was measured in the C1 and C2 quadrants.
Measurements were made of the MFI of the normal GPIb and reduced annexin V binding for all the PLTs in C1 quadrant, the MFI of the reduced GPIb and increased annexin V binding for all the PLTs in C2 quadrant, and the ratio of the total GPIb MFI and total annexin V MFI in C1 and C2 quadrants. The percentage of PLT microparticles in the C4 quadrant was also measured for the PLTs frozen by the two different freezing procedures and for the liquidpreserved PLTs stored at 22°C for 2 days.
Wound Model & Treatment Procedure
Homozygous genetically diabetic 8-12 week-old, Lep/r -db/db male mice (strain C57BL/KsJ-Lepr db ) were used under an approved animal protocol in an AAALAC accredited facility. The day prior to surgery, hair was clipped and depilated (Nair®, Church & Dwight Co., Princeton, NJ). On the day of the surgery, animals were weighed and anesthetized with 60 mg/kg Nembutal (Pentobarbital). A dorsal 1.0 cm 2 area of skin and panniculus carnosus was excised and the wounds were photographed. Wounds were then photographed and individually sealed with semi-occlusive polyurethane dressings (Tegaderm™, 3M, St. Paul, MN) that was kept until day 7. Injection of platelets preparations (100 μl at 1×109 platelets per ml or plasma) using a 30 gauge needle through the dressing into randomly selected wounds followed. Platelet preparations were administered only on the day of the surgery. Groups were categorized and compared as follows: 1. PL = Plasma Treated (n=10); 2. FZ = platelets frozen without DMSO at −80 C after thawing (n=10); 3. FZ6 = platelets frozen with 6% DMSO at −80 C after thawing (n=10); 4. RT = Liquid preserved platelets stored at room temperature for 2 days (n=10).
Wound Closure Analysis
Digital photographs captured on day 7 were compared with initial photographs (POD 0) by two independent treatment-blinded observers using planimetric methods (Image J, NIH, Bethesda, MD). 
Microscopic Analysis
Central wound cross-sections (n=10 per group) were embedded in paraffin, sectioned and stained according to routine Hematoxylin and Eosin (H&E) protocols. Panoramic crosssectional digital images of each wound were prepared using Adobe Photoshop CS Software (Adobe Systems Incorporated, San Jose, CA).
These sections were analysed with digital planimetry (Image J, NIH, Bethesda, MD) by two independent treatment-blinded observers, to quantify the wound tissue. Granulation tissue in plasma treated wounds was arbitrarily set to 100%.
Immunohistochemistry
Paraffin-embedded sections (n=10 per group) were re-hydrated and antigen was retrieved for Ki-67 analysis by microwaving in 10 mM sodium citrate (pH 6.0) for 10 minutes. Sections for platelet endothelial cell adhesion molecule-1 (PECAM-1) were treated with 40 μg/ml proteinase K (Roche Diagnostics Corp.) for 25 minutes at 37°C. PECAM-1, (Pharmingen, San Jose, CA) and Ki-67 (Dako Corp., Carpinteria, CA) primary antibodies were incubated at 4°C overnight. PECAM-1, and Ki-67 signals were intensified using the tyramide amplification system (Perkinelmer, Boston, MA).
In PECAM-1 stained slides, the total number of blood vessels (positive for PECAM-1) was counted using 40x magnification.
In Ki-67 stained slides, the ratio of proliferating nuclei (positive for Ki-67) over total nuclei was quantified using 40x magnification.
10 microscopic fields at 40x magnification were used in each treatment arm and immunolocalization condition.
Wound Watch Staging System: Quantification of Vascular Area and Cell Proliferation
We analyzed our immunohistochemical studies according to a wound watch staging system as previously described. (21) High power images of stained sections were used to quantify the degree of proliferation and vascularization and compare treatments to spontaneous healing. Three digital images of PECAM-1 and Ki-67 stained slides were captured for each sample, one in the middle and two on the edges of the wound bed. Pictures were viewed with Adobe Photoshop CS Software, and blood vessels and proliferating nuclei in each high-powered field were marked and counted and expressed as a ratio of proliferating nuclei (Ki-67-positive) to total nuclei. Ratios were calculated between results obtained from the centre of the lesions and from the edges of each treatment group to the plasma treated group.
15 microscopic fields at 40x magnification were used in each treatment arm.
Statistical Analysis
Values are expressed as mean ± standard deviation in the text and figures. One-way analysis of variance and ad hoc LSD tests were used to determine the significance of differences between treatment modes. Multivariate analysis was performed using Statistica v7.0 (StatSoft, Inc, Tulsa, OK). A P-value of less than 0.05 was considered significant.
Results
In vitro characterization of platelets
As a consequence of the exposure to temperatures of −80 C, some of the platelets may be destroyed and produce platelet microparticles. The in vitro freeze-thaw recovery, which reports the percent of the original platelets that were preserved with freezing, was 72% in the platelets frozen without DMSO and increased up to 94% with the addition of DMSO prior to freezing. DMSO increased the in vitro recovery of platelets by 22% when compared to platelets frozen without DMSO by storage at −80 C.
In addition to the number of platelets preserved by freezing with or without DMSO at −80 C, the function of the platelets was assessed. Platelet glycoprotein GPIb and platelet annexin V binding were used as markers of function. Nonactivated-quiescent platelets expressed GPIb reported on the Y axis of the flow cytometry diagrams and activated platelets identified by annexin V binding on the X axis ( Fig. 1 ).
From this analysis of the flow cytometry, RT platelets were found to be homogeneously positive for GPIb and negative for annexin V (Fig. 1a) , as opposed to platelets frozen without DMSO at −80 C that were 80% positive for annexin V, and mostly negative for GPIb. The addition of 6% DMSO before freezing at −80 C produced a bimodal population of platelets consisting of 33% GPIb positive platelets and 50% annexin V positive platelets. Figure 2 reports studies to assess platelet function by testing in the thromboelastogram. In this study the thromboelastogram was used to test the platelet products. The R time (in minutes) indicates the period of time for the initiation of fibrin formation. The K time (in minutes) the time needed to reach a specific clot strength; the angle measures the onset of fibrin crosslinking, MA or maximum amplitude (in mm) measures the fibrin clot. The period of time required for the initiation of the formation of the fibrin clot (R time) was 13.6 minutes for RT platelets (Fig.  2a ), when the same platelets were adjusted to 1×10 9 platelets per ml of plasma, the R time was reduced to 5 minutes (Fig. 2b) . At the same concentration FZ and FZ6 platelets showed R times only slightly extended compared to RT platelets achieving a clot in 7.3 and 7.6 minutes, respectively (Fig. 2c,d) .
Wound Closure
All samples were concentrated to 1×10 9 platelets per ml of plasma. Platelets frozen with 6% DMSO increased wound closure (p<0.05) compared to plasma and platelets frozen without DMSO (Fig3a, b) on day 7.
In addition to absolute wound closure, wound contraction and re-epithelialization were studied as the two main mechanisms contributing to healing. RT platelets produced a 2-fold increase in wound contraction (p<0.05, Fig.3c ), while FZ6 platelets mainly stimulated wound reepithelialization (p<0.05, Fig. 3d ) compared to plasma.
Histologic analysis
While plasma treated wounds showed moderate amount of granulation tissue, the platelet producets tended to increase the deposition of newly formed tissue (Fig. 4a ). In particular, wounds treated with frozen platelets, with or without 6% DMSO, showed a 2.5 and 1.9-fold increase (p<0.05) in granulation tissue area respectively (Fig. 4b ). Granulation tissue thickness was also measured and FZ6 and FZ platelets produced a 1.9 and 1.6-fold increase (p<0.05) compared to PL, respectively (Fig. 4c ).
Wound tissues were stained for PECAM-1, a pan-endothelial marker (Fig. 5a ). FZ6 and RT platelets increased (p<0.05) wound vascularity, with 32 and 31 blood vessels/hpf compared to plasma (11 vessels/hpf, Fig. 5a,b) . Platelets frozen without DMSO produced only a trend toward increased vascularity compared to plasma (19.7 blood vessels/hpf, Fig.5a,b) . Cells in active proliferation in the granulation tissue were stained for Ki-67. FZ6 and RT platelets produced increased cell proliferation (p<0.01) with up to 49% and 44% positive cells respectively compared to plasma on day 7 (Fig.6a,b) .
The Wound Watch Staging System
During healing, as during tumor growth, not only the absolute presence of vasculature is important, but also the ability of the vessels to deliver nutrients and remove toxic metabolites, ultimately promoting wound cells vitality and proliferation is crucial. As a consequence, we developed a two dimensional system based on both vascularity and cell proliferation to stage wound healing. Plasma, as liquid phase control, was arbitrary given a value of 1 and the increases or decreases over plasma were calculated for each platelet product. From this analysis it was possible to see that RT and FZ6 platelets stimulated both parameters with 2.8-and 2.9fold increase in vascularity ( Fig.7) and up to 4-and 4.5-fold increase in cell proliferation respectively (Fig.7) . The wound healing stimulation induced by FZ platelets fell in between the control and the other two groups with 1.7-fold increase in vascularity and 1.2-fold increase in cell proliferation (Fig. 7 ).
Discussion
In this study we observed that in vitro manipulation of platelets did not decrease their clotting in the thromboelastogram, but profoundly affected their wound healing function. Angiogenesis and cell proliferation in wounds in diabetic mice were observed with human platelets preserved in the liquid state at room temperature for 2 days and platelets frozen with 6% DMSO by storage at −80 °C. On the other hand, granulation tissue formation was stimulated by activated platelets derived by platelets frozen without DMSO by storage at −80 °C. The combination of activated and nonactivated-quiescent platelets provided by FZ6 preparation, achieved the best results in the wound healing in diabetic mice.
To study the functional status of platelets for wound healing applications, we identified two specific platelet markers, GPIb and annexin V. The results suggest that the quiescent platelet preparations may exert a specific stimulatory role in wound healing, rather than just deliver a bolus of growth factors as originally thought. (8) Since only the preparations containing quiescent platelets stimulated wound healing this role may be related to intact platelets membranes that functioned as systems to deliver growth factors at the appropriate time. Additional studies will further elucidate this hypothesis and characterize the effects of the preservation methods on the single growth factors. The concomitant increase in cell proliferation may have been a consequence of the development of new functional vessels or the direct effect of specific interaction between cells and platelets derived cytokines.
Wound healing is produced by growth factors. The clinical use of recombinant growth factors for recalcitrant wounds has yielded mixed results, mainly related to granulation tissue formation.(30) Activated platelets produced by freezing without DMSO and storage at −80 °C , the activated portion of the bimodal population produced by freezing with DMSO and storage at −80 °C, and thrombin activated platelets produce granulation tissue formation. Clinically, the mechanism of granulation tissue formation in wound healing and whether it should be promoted or not have not yet been clearly determined.
Quiescent platelets have a crucial role in stimulating angiogenesis and cell proliferation in wound healing. Platelets preserved in the liquid state at room temperature for 2 days and platelets frozen with 6% DMSO by storage at −80 C provide a self-controlled drug delivery system able to modulate wound healing and angiogenesis without the need to add thrombin to these platelet products. The use of platelets frozen with 6% DMSO by storage at −80 °C is a simple procedure to have available therapeutically effective platelets to treat chronic wounds in diabetic patients. RT showed a homogenous population positive for GPIb and negative for annexin V binding. b. FZ had 80% annexin V positive platelets, minimal number of GPIb positive platelets and 20% platelet microparticles after thawing c. FZ6 had a bimodal population with 33% GPIb positive platelets and 50% annexin V positive platelets and only 9% platelet microparticles. RT=Liquid preserved platelets stored at room temperature for 2 days; FZ=platelets frozen without DMSO at −80 C after thawing; FZ6=platelets frozen with 6% DMSO at −80 C after thawing. 100μl of a sample containing 1×109 platelets per ml or plasma were applied in single dose on day 0. a. Plasma alone did not stimulate wound closure, while RT stimulated healing. FZ6 induced greater stimulation of wound closure compared to plasma, RT and FZ. b. The platelet products produced an increase in wound closure compared to plasma. FZ6 produced the highest level of wound closure on day 7. c. RT produced a two-fold increase of contraction on day 7 compared to the other treatments. d. FZ6 produced a 2-fold increase in wound reepithelialization compared to plasma on day 7. Scale Bar 5mm. Results are expressed as mean ± SD. *=p<0.05 compared to PL. RT=Liquid preserved platelets stored at room temperature for 2 days; FZ=platelets frozen without DMSO at −80 C after thawing; FZ6=platelets frozen with 6% DMSO at −80 C after thawing; PL=plasma. Immunohistochemical results are plotted to obtain a two-dimensional wound staging system for healing on day 7. Vascularity was assessed by measurement of PECAM-1, a pan-endothelial marker and cell proliferation was assessed by measurement of Ki-67, a marker for cell proliferation. Three distinct wound healing profiles were noted: plasma showed the lower stimulation of both parameters (arbitrary set to 1), RT and FZ6 stimulated both parameters in a similar manner, while results from FZ fell in between these two groups. Results are expressed as mean ± SD. *=p<0.05 compared to PL.
